In this paper we report a study of the isotopic composition of Li, Be, B and N, Ne nuclei from a 5 year time period beyond the heliopause using the CRS instruments on Voyager. By comparing the isotopic ratios, 15 N/ 14 N and 22 Ne/ 20 Ne outside the heliosphere as measured at Voyager, and which are found to be significantly lower than those measured at the same energy inside the heliosphere, we have provided strong evidence that cosmic rays of this energy have lost as much as 200 MeV/nuc or more in the solar modulation process. This is in accordance with the so called "force field" description of this overall modulation by Gleeson and Axford.
Introduction
Measurements of the isotopes of galactic cosmic rays near the Earth have been very valuable in the effort to understand the sources of these energetic particles. Two of the most significant of these measurements have involved the isotopes 14 N and 22 Ne. The abundance of 14 N in cosmic rays is found to be considerably under-abundant relative to the solar 14 N/ 16 O abundance ratio which is 0.12 (Lukasiak, et al., 1994) . In the case of 22 Ne the opposite is true, 22 Ne is significantly over-abundant relative to the solar 22 Ne abundance. The cosmic ray 22 Ne/ 20 Ne abundance ratio is ~5 times larger than the solar ratio (Binns, et al., 2002) . These measurements made inside the heliosphere are subject to the effects of solar modulation which, among other things, cause the galactic cosmic rays to lose ~200 MeV/nuc or more in the heliosphere. Thus the composition of the lowest energy cosmic ray particles is not directly visible at the Earth.
Voyager 1 has now been beyond the heliopause (HP) for over 5 years measuring these low energy cosmic rays. Previous studies using the Voyager spacecraft over a 15 year time period within the heliosphere have provided a baseline for the work in this paper (Lukasiak, et al., 1994) . The mass resolution for the Li, Be, B nuclei and the C, N, O nuclei is sufficient, for example, to resolve 13 C from 12 C even though the abundance of 13 C is only ~1% of 12 C.
The Voyager Measurement of Li, Be, B, N and Ne Mass Abundances
The HET telescope used in this analysis is shown and described in the above references.
The isotopic abundances are obtained in a range from ~40 to 160 MeV/nuc. The mass analysis is made directly from the matrix of events, C432 vs. (B1+B2), where the pulse heights B1 and B2 are subject to the criteria: 1.30 < (B1/B2) < 2.16. The total energy C432 counter consists of 3-6 mm thick Lithium drift Si counters.
A sample of a pulse height matrix, C4 vs. (B1+B2), with this criteria for Li, Be and B nuclei is shown in Figure 1 . Figure 2 . This is almost identical to the resolution obtained for N isotopes in the earlier studies of Lukasiak, et al., 1994 , using a somewhat different technique for mass separation.
The results from this analysis for Li, Be, B, N and Ne nuclei are shown in Tables 1 and 2. For N nuclei the 15 N/ 14 N ratios obtained from this study and the earlier study at Voyager inside the heliosphere, but displaced upward in energy by ~200 MeV/nuc to account for solar modulation, are shown in Figure 3 . For Ne, the 22 Ne/ 20 Ne and 21 Ne/ 20 Ne ratios from this study are shown in Figure 4 , along with the ACE data from 1997-1998, also displaced upward by 200
MeV/nuc (Binns, et al., 2002) . In both cases, if the inside the heliopause results were plotted at the measured energies, they would be 25-35% higher than those measured at Voyager.
Cosmic Ray Propagation in the Galaxy and Solar Modulation in the Heliosphere a. N and Ne Isotope Ratios
The comparison of the N and Ne isotope ratios measured both inside and outside the heliosphere, which are shown in Figures 3 Ne ratios measured at V1 beyond the heliopause are significantly lower than those measured within the heliosphere at the same energy. The energy range of each measurement inside or outside the heliosphere is identical, since, for both N and Ne nuclei they are made with the same instrument on Voyager.
The solid black lines in Figures 3 and 4 are from Leaky Box propagation model calculations in which the propagation parameters are "tuned" to fit the observed intensities and spectra of H and He, B, C and O nuclei from ~1 MeV/nuc to 1 TeV/nuc using Voyager data at lower energies and AMS-2 data above ~10 GV/nuc ; see also Webber, et al., 2018) . These papers also provide a list of predicted intensities after interstellar propagation for Z=1 through 8 nuclei and for energies between 1 MeV and 1 TeV.
These propagation parameters include a path length λ = 22.3 β P -0.45 in g/cm 3 above 0.88 GV (100 MeV/nuc for A/Z=2 particles; ~400 MeV for protons). Below 0.88 GV the path length is taken to be constant = 9 g/cm 2 down to a value of P ~0.3 GV.
The calculated LIS ratios, after propagation from the cosmic ray sources to heliosphere, source. This matching with the LIS calculated ratio is only possible when the ratio measured within the heliosphere is moved to a ~200 MeV/nuc higher energy as would be expected for a modulation potential = 400 MV in the heliosphere (Gleeson and Axford, 1968; Webber, Stone, Cummings, et al., 2017 ).
The same is true for the 22 Ne/ 20 Ne ratio, starting with a 22 Ne/ 20 Ne source ratio = 0.395.
The measured intensities inside the heliosphere and in LIS space both match the predictions, but only when the inside of the heliosphere energies are adjusted for an average energy loss ~200
MeV/nuc, corresponding to the modulation potential ~400 MV existing at the time of the ACE measurement. There is also some evidence from the lowest energy V1 data outside the heliosphere that the source ratio may decrease at low energies.
From both of these observations, however, there is a strong argument that the potential change that describes the solar modulation in the Gleeson and Axford model represents an actual average energy loss between the two locations inside and outside the heliosphere. Therefore particles with energies below ~200 MeV/nuc in interstellar space are not directly observable in the inner heliosphere.
b. Li, Be and B Nuclei
For Li, Be and B, the observed LIS abundances are expected to be all secondaries, unlike the N and Ne nuclei. The calculated intensities of these nuclei after propagation have similar differential spectra and these spectra have a maximum at ~100 MeV/nuc. Figure 5 shows the measured and the calculated intensities of Li, Be and B nuclei in the LIM obtained using the same propagation parameters as above. For these nuclei the measured and calculated intensities are generally within the experimental errors on the measurements and cross sections/path length used for the calculation. However, the measured absolute intensity measurements at Voyager appear to be 10-20% higher than the predictions in each case as can be seen in Figure 5 . When more Voyager data is accumulated this data will provide a better test of the uncertainties of the cross sections and of the assumed path length used in the propagation model.
Summary and Conclusions
As a result of our measurements of the 15 N/ 14 N and 22 Ne/ 20 Ne ratios at Voyager outside the heliopause we conclude that the effects of energy loss in solar modulation process in the heliosphere prevent galactic cosmic rays of less than ~200 MeV/nuc from reaching the inner heliosphere.
Cosmic ray Li, Be and B nuclei are purely secondary nuclei and have a maximum in their differential spectra at ~100 MeV/nuc after propagation, which is below this threshold. The intensity of these nuclei now observed directly for the 1 st time at Voyager depends on their production cross sections and the amount of interstellar matter traversed. For the cross sections used in our program the observed abundances of each of these nuclei at Voyager are 10-20%
higher than predictions using a matter path length ~9 g/cm 2 . The measured isotopic abundance fractions of Li, Be and B nuclei are consistent with those obtained from the propagation program to within the statistical accuracy of the current Voyager data. Ne are found to increase by 33% and 30% respectively between ~100 MeV/nuc, the average energy/nuc actually measured at Voyager, and ~300 MeV/nuc, the measured energy + 200 MeV/nuc to account for energy loss in the heliosphere. Since the average ratios for these isotopes measured at Voyager and ACE within the heliosphere, where the solar modulation potential is 400 MV, are indeed about 30% higher than those measured by Voyager 1, if the heliosphere measurements are displaced by +200
MeV/nuc then both sets of measurements inside and outside the heliosphere agree with the LIS calculated spectra.
This displacement of energy or average energy loss in the heliosphere which is necessary to produce the above agreement is predicted by modulation models that use Liouville's theorem which relates to the constancy of the particles energy density and momentum in phase space, as a basis for the modulation, such as the "force field" model of Gleeson and Axford, 1968. This is the first direct observation of this process working on a global scale in the outer heliosphere.
The Voyager measurements of these ratios are consistent with those measured earlier within the heliosphere if these considerations regarding the solar modulation are made. There is also some evidence from the Voyager data that the source 22 Ne/ 20 Ne ratio may decrease at LIS energies below ~200-300 MeV/nuc.
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